Abstract-This paper aims at finding feasible electromagnetic designs of superconducting synchronous generators (SCSGs) for a 10-MW direct-drive wind turbine. Since a lower levelized cost of energy (LCoE) increases the feasibility of SCSGs in this application, 12 generator topologies are compared regarding their LCoE in a simplified form of levelized equipment cost of energy (LCoE eq ). MgB 2 wires are employed in the field winding. Based on the current unit cost and critical current density capability of the MgB 2 wire at 20 K, the topologies with more iron have a much lower LCoE eq than the topologies with more nonmagnetic cores. The fully iron-cored topology with salient poles has the lowest LCoE eq . Then a scenario study shows that the difference of LCoE eq between the topologies will become much smaller when the unit cost of the MgB 2 wire drops to a quarter and the current density capability of the MgB 2 wire increases to four times. Then the topologies with more nonmagnetic cores will become comparable to those with more iron. Aiming at a lower LCoE eq to increase the feasibility of SCSGs for large wind turbines, those topologies having the most iron in the core are the most promising for both now and the long term. If low weight is required, the topologies with more nonmagnetic cores should be considered.
temperature with a copper AC armature winding at an ambient temperature [5] - [8] . In such partially SCSGs, excessive AC losses in the SC armature winding can be avoided and the feasibility of SCSGs increases. The possible choices of wires for the field coils range from the low temperature superconductors (LTS) to the high temperature superconductors (HTS) with operation temperatures between 4-10 K and 20-40 K, respectively. The MgB 2 superconductor with an operation temperature between 10-20 K is an interesting alternative, since the cost of the wire is lower than that of the HTS and the cryogenic cooling system is simpler compared with the LTS.
For a partially SCSG design, many generator topologies can be considered from the perspective of electromagnetics. The topologies combine iron and non-magnetic cores in the rotor back core, rotor pole core, stator tooth and stator yoke. They differ in the magnetic reluctance of an electrical machine. The choice of topology could significantly change the cost and efficiency of an SCSG and consequently affect the cost of energy of a wind turbine employing this SCSG.
The cost of energy for an offshore wind turbine is often defined as the sum of the equipment (eq) cost and the Operation&Maintenance (O&M) cost normalized by the energy produced over the lifetime of the turbine. By also including the interest rates of the money flow during the lifetime then one can levelize the cost of energy to the start date of the turbine. This is termed Levelized Cost of Energy and can be written as
This paper compares twelve superconducting generator topologies to identify the most feasible solution for a 10-MW direct drive wind turbine installed on a foundation for a water depth of 50 m. The comparison is done by formulating a simplified model only using the first term of (1): LCoE eq (levelized equipment cost of energy). This simplification assumes that the contribution of Operation&Maintenance can be considered to be identical to the level found for the INNWIND.EU reference turbine: LCoE O &M ≈ 24 € /MWh [9] . The LCoE eq of the wind turbine and foundation is used as the criterion for this comparison, since a lower LCoE increases the feasibility of SCSGs in wind turbine applications. All the twelve topologies are optimized for their minimum LCoE eq before they are compared. Transportation and installation costs are not included in the 1051-8223 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. LCoE model, since they are uncertain for such large turbines. Secondly they will most likely be similar for all direct-drive types of generators, since the boat rent and time usage are the cost drivers. Three scenarios are studied to assess the effects of future improved properties of the employed MgB 2 superconductor on the comparison of the topologies. Besides the design objective of a low LCoE eq , the comparison will also assess if the topologies will be sufficiently light compared to a reference low weight.
II. GENERATOR TO BE STUDIED

A. Basic Characteristics
The partially SCSG for this study is required for a 10 MW direct-drive wind turbine installed on a fondation supporting a 50 m water depth defined by the INNWIND.EU project [4] . The rated speed is 9.6 rpm. The turbine rotor has a diameter of 178 m and its optimum tip speed ratio is 7.5. The maximum power coefficient of the turbine is 0.476. The air gap diameter of the SCSG is set to 6 m, because it is intended to be mounted in front of the turbine rotor blades [4] . The rated current density in the armature winding is 3 A/mm 2 and the armature slot filling factor is 0.6. The electrical loading limited below 75 kA/m (RMS) is to enable forced-air cooling on the armature winding [10] . The distance between the field winding and the stator bore is 50 mm including the cryostat wall, vacuum chamber and multilayer insulation. The employed MgB 2 wire is supplied by Columbus Superconductors [11] .
B. Twelve Topologies
Combining iron and non-magnetic cores in the rotor back core, rotor pole core, stator tooth and stator yoke results in twelve applicable topologies (T1-T12) in total as shown in Fig. 1 . In this list, nine topologies T1-T3, T5-T7, and T9-T11 have a large effective air gap length due to space allocated to the cryostat wall and thermal insulation. The other three topologies T4, T8 and T12 with salient iron poles at room temperatures have a significantly reduced effective air gap length. Because in these three topologies, the cryostat is made modular in the shape of racetrack and the iron pole can go as close to the stator as possible [12] - [15] . T4, T8 and T12 can be regarded as the extensions of T3, T7 and T11, respectively, from the topology point of view.
C. Operation of Wind Turbine and Generator
The wind speed condition of the INNWIND.EU reference turbine is assumed to be Class Ia with a Weibull distribution of shape factor k = 2, scaling factor A = 10.39 [4] . The wind turbine operates following the rotational speed and power as a function of wind speed as shown in Fig. 2 . The generator is operated under the phasor diagram given in Fig. 3 , which is fully controlled by the power electronic converter. The phasor diagram is applied with the zero d-axis control with which the d-axis current of the generator remains zero and the torque is proportional to the q-axis current. The major advantage of this control strategy is relatively low copper losses in the armature winding. This phasor diagram of generator operation is a starting point and other operations can be studied in future.
The SC field winding of an SCSG is prone to AC losses when the field current is regulated in the way a conventional electrically excited synchronous generator is regulated. Thus, the field current must be changed sufficiently slowly and is changed only for regulations in hours or days. In this paper, we assume a constant field current of rated value throughout the full range of wind speed to neglect the field current regulation process at partial load.
III. CALCULATION OF LEVELIZED COST OF ENERGY
In this paper, the LCoE eq model of (1) is defined as
where C act is the active material cost of the SCSG, C other is the total cost of the other components of a wind turbine, E AE P is the annual energy production, a = 0.564 is the annuity factor assuming a 5% interest, T LT is the design life time of 25 years.
A. Costs
The choice of topologies changes C act according to the materials usage. The other costs of the wind turbine C other is assumed to be constant since C other can hardly be changed by topology choice.
1) Active material cost: the active materials under consideration and their unit costs are a) MgB 2 wires for the field winding (1 or 4 € /m, depending on the used scenario), b) copper conductors for the armature winding (15 € /kg), c) ferromagnetic core material (3 € /kg), and d) non-magnetic core material (i.e. glass fiber G10) (15 € /kg).
2) Other costs: The cost of each component of the wind turbine and foundation are added up in C other is given in Table I . The cryogenic system cost depends on a particular cryogenic design, and the cost estimation for supporting structures needs detailed mechanical analyses. Here these two costs are estimated based on a 13.2 MW LTS SCSG in [16] .
The cost model from the INNWIND.EU project defines a reference 10-MW wind turbine and estimates the cost of each wind turbine component [4] . The total cost excluding C act is roughly 27,000 k€ which is given to (2) as C other . The costs of the turbine tower and the turbine foundation are assumed to be constant in Table I , because the wind loads are the main design drivers. This assumption neglects the influence of generator topologies on the costs of the supporting structures of Fig. 4 . Critical current density of MgB 2 wires with respect to magnetic flux density used for the scenario study. The curve Je is the critical current density of the MgB 2 supplied by Columbus Superconductors, reproduced from [17] . The curve 4 × Je increases the original curve of Je to 4 times. Hypertech Je is reproduced from [18] and this curve was a short-term prediction in [18] . The curve of 4 x Je fits well the predicted curve of Hypertech Je. the wind turbine. Therefore, the results of this paper, especially the size and mass of different topologies, need to be exported to structure designers to assess the structural costs for each generator topology. In this paper, the resulting active material masses of the topologies will be compared with a reference mass in Section VI to check if they reach low weight.
B. Power Losses
For calculating the AEP, all power losses and then the output power from the generator system should be calculated. The input power to the generator system P in is the shaft power from the hub of a wind turbine. Assuming that mechanical losses, e.g. bearing and windage losses, are neglected, the input power is determined by the aerodynamic power from wind:
where ρ air is the mass density of air, C p is the power coefficient of a wind turbine, r tr is the turbine rotor radius, and v w is the wind speed.
The total loss of the generator system P Loss is calculated by P Loss = P C u,joul + P C u,eddy + P F e,s + P cry o + P conv (4) where P C u,joul is the joule loss in the armature winding, P C u,eddy is the copper eddy current loss in the armature winding which is modeled in [19] , and P F e,s is the iron loss in the armature iron core which is modeled in [20] . We assume that no losses exist in the field winding iron cores. The loss of the power electronic converter P conv is modeled based on the current flowing in the power electronic switches [20] . The losses, both DC and AC losses, in the superconducting winding are negligibly small, according to [13] . Thus, these losses are not considered. The refrigeration for cooling the cryogenic environment for superconducting wires demands a power at an ambient temperature, which can also be considered as a power loss P cry o . The cryogenic cooling power is estimated as 0.5% of the rated power of the SCSG. This estimation is based on the technical report by GE for an LTS SCSG design [21] , which calculated the cryogenic cooling power at different wind speeds. This report shows that the cryogenic cooling power is constant with wind speed and it value is 22.5 kW. Here we assume a constant cryogenic cooling power of 50 kW at all wind speeds. This power value is more than doubled 22.5 kW to consider tolerances.
IV. OPTIMIZATION
The optimization objective function is LCoE eq given in (2) . Only the equipment costs are considered. The optimization program combines finite element (FE) and analytical models. The FE models calculate magnetic fields and torques. The analytical models calculate power losses.
The optimization applies a genetic algorithm NSGA-II [22] , so all the optimization variables can be integer and their step sizes of evolution can be manipulated. The number of individuals per generation is set to 50. Each individual is a set of the optimization variables values. The optimization process will proceed until all the individuals converge to the same minimum objective. Different initial individuals are used to check if the optimum is global. Details of the optimization method can be found in [23] , [24] .
V. SCENARIO STUDY
Besides the original case, three scenarios regarding the future development of the unit cost and the performance of MgB 2 wires are defined to investigate the influence on the topologies: 1) Original: cost 4 € /m, current density capability J e , 2) Scenario 1: cost 1 € /m, current density capability J e , 3) Scenario 2: cost 4 € /m, current density capability 4J e , 4) Scenario 3: cost 1 € /m, current density capability 4J e . The original one is based on currently available commercial MgB 2 wires (supplied by Columbus Superconductors). Scenario 1 expects a lower unit cost (1/4) and Scenario 2 expects a higher current density capability (4 times). Scenario 1 is expected by the MgB 2 wire manufacturer when mass production is realized. Scenario 3 is considered as a long-term development goal. The current density capabilities used in the original case and in Scenario 2 and 3 are plotted in Fig. 4 .
VI. COMPARISON RESULTS
The LCoE eq and resulting generator characteristics, such as the active material cost, annual energy production (AEP), active generator length, superconductor length and active material mass, are obtained from the twelve optimized topologies in the original case and the three scenarios.
One pole of the optimized twelve topologies in the original case (MgB 2 of 4 € /m and J e ) is plotted in Fig. 5 with the magnetic flux density distribution. The topologies with iron stator teeth (T9-T12) have more pole pairs (18-24 pole pairs) than the other topologies (12-16 pole pairs). The optimized topologies from the three scenarios are omitted since the three scenarios do not change much the optimized geometry and the number of pole pairs. They mainly enlarge or reduce the cross-sectional area of the field coil since different amounts of SC wires are used due to the lower unit cost or the higher current density capability. Note that the topologies with salient poles (T4, T8 and T12) have smaller field coil pitches than other topologies since the modular cryostat occupies fixed space between two adjacent field coils.
The LCoE eq is compared in Fig. 6 . T12 has the lowest LCoE eq (44.25 € /MWh) based on the current unit cost and critical characteristic of the MgB 2 wires. Change of scenarios does not make significant differences for T12. T1-T5 and T9 are much more expensive than the other topologies in the original case (e.g. 46.65 € /MWh for T9). However, they will greatly benefit from the lower unit cost and the higher current density capability of the MgB 2 wires (e.g. 44.32 € /MWh for T9 in Scenario 3). Changing to Scenario 1-3 effectively reduces the differences among the twelve topologies and Scenario 3 results in a much lower LCoE eq . The topologies with more iron (T6-T8 and T10-T12) show advantages in the original cases while the topologies with more non-magnetic cores (T1-T5 and T9) will become competitive in Scenario 3. In the three scenarios, T10 and T11 can become cheaper than T12 regarding the LCoE eq . In addition, as shown in the results of Scenarios 1 and 2, either reducing the unit cost or increasing the capability of the MgB 2 wires can reach similar effects. Such beneficial effects from the original case to the scenarios can also be observed in the active material cost as compared in Fig. 7 and in the AEP as compared in Fig. 8 .
The active generator length is compared in Fig. 9 . T6 gives the shortest generator and the change of scenarios does not make much difference. In the three scenarios, the reduction of the generator length for the topologies with more non-magnetic cores (T1-T5 and T9) is more than for the others.
The superconductor length is compared in Fig. 10 . In all the original case and the scenarios, applying the topologies with more iron can effectively shorten the length of superconducting wires. The advantage of short lengths is to facilitate the wire manufacturing. Moreover, as expected, cheaper MgB 2 wires results in more use thereof. The active material mass is compared in Fig. 11 . The topologies (T10-T12) that have a lower LCoE eq are heavier than the topologies that have a higher LCoE eq (T1-T5 and T9). A few reference generator masses can be introduced to define what a low weight is. One is the total mass of a 10-MW permanent magnet generator: m P M ≈ 325 ton [25] . One is the IN- NWIND.EU reference turbine drive train mass consisting of a medium speed gearbox and generator as well as the main shaft: m innw ind ≈ 227 tons. [9] . The third is a reference total mass for a 10 MW SCSG design given in [26] . This reference mass indicates that a generator mass above 273 ton will significantly challenge the main bearing of the wind turbine rotor. The mass of 273 ton is about the average of m P M and m innw ind . Therefore, this mass is used as a reference of low weight to evaluate the active material mass in Fig. 11 . The active material mass could approximately be 1/3 to 1/4 of the generator mass (91 ton to 68 ton). This region of active material mass is also indicated in Fig. 11 . In the original case, T1, T5 and T9 satisfy or almost satisfy 91 ton while only T1 satisfies 68 ton. None of the low-LCoE eq topologies (T10-T12) meet these low weights. The scenarios result in more lightweight topologies. For example, T4, T6, T7, T10-T12 satisfy 91 tons and T1-T3 and T5 satisfy 68 ton in Scenario 3. However, the low-LCoE eq topologies (T10-T12) are still far from 68 ton. The topologies that have a low LCoE eq may not be good options for low weight. If low weight is essential, the topologies with more non-magnetic cores that have higher LCoE eq should be considered.
VII. CONCLUSION
Twelve generator topologies for designing SCSGs have been compared regarding the LCoE eq for a 10-MW wind turbine. With the commercial MgB 2 wire in the field winding and based on the its current unit cost and current density capability, the topologies with more iron have a lower LCoE eq than the other topologies with more non-magnetic cores. The fully ironcored topology with salient poles is most advantageous regarding the LCoE eq as well as the resulting active material cost, AEP and superconductor length.
As indicated in the scenario study, reducing the unit cost to a quarter or enhancing the current density capability to 4 times of the MgB 2 wire can effectively lower the LCoE eq for all the topologies, especially those with more non-magnetic cores. If both are combined as a long-term possibility, the difference of the LCoE eq between the topologies will become very small. Then the topologies with more non-magnetic cores will become comparable to those with more iron. Aiming at a lower LCoE, those topologies having the most iron in the core are most promising for both now and the long term. If low weight is required, the topologies with more non-magnetic cores should be taken into account.
